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SUMMARY 
* 
Nine S h e l l  Epon adhesives  were s e l e c t e d  by JPL cognizant  engineer ,  
Hugh Maxwell, f o r  s tudy under s imulated space cond i t ions .  Outgassing 
c h a r a c t e r i s t i c s  of t h e s e  materials were determined a t  150' and 200'C a t  
l o 4  mm Hg. 
t roscopy,  and v i s u a l  changes such as sample darkening and s o f t e n i n g  were 
noted .  I n  thermal  vacuum tests of t h e s e  adhesives  l i t t l e  change w a s  
observed a t  15OoC, but a t  200'C the re  were l a r g e  changes i n  t h e  outgass ing  
c h a r a c t e r i s t i c s  f o r  most materials and i n  s e v e r a l  ca ses  unambiguous ev i -  
dence of polymer degrada t ion .  
Outgassed m a t e r i a l s  were analyzed by i n f r a r e d  and mass spec- 
The fo l lowing  suppor t ing  experiments were performed. Tes t s  of 
Epon 914 samples of varying th ickness  a t  150'C showed t h a t  t h i ckness  of 
t h e  t es t  specimen had a profound e f f e c t  on t h e  outgass ing  c h a r a c t e r i s t i c s .  
Epon 4225, an e s p e c i a l l y  u s e f u l  tape type  adhesive,  w a s  sub jec t ed  t o  
va r ious  pos t cu r ing  cond i t ions  before  thermal  vacuum t rea tment  a t  200'C; 
i t  w a s  found t h a t  pos t cu r ing  cyc les  of as l i t t l e  as s i x  hours  i n  a i r  were 
s u f f i c i e n t  t o  improve t h e  outgassing c h a r a c t e r i s t i c s  t o  an acceptab le  
l e v e l .  The e f f e c t s  of p u r i t y  of both t h e  epoxy base and t h e  amine cu r ing  
agent  on t h e  outgass ing  c h a r a c t e r i s t i c s  of epoxy type  adhesives  were 
i n v e s t i g a t e d  by prepar ing  "adhesive analogs" of t h e  Epon s y s t e m s  us ing  
Bisphenol A and m-phenylene diamine as cu r ing  agent ;  t h e  p u r i t y  of t h e  
ca t a lys t  w a s  found t o  be an important f a c t o r  i n  determining t h e  amount of 
weight l o s t  i n  thermal  vacuum t rea tments .  
On t h e  b a s i s  of t hese  i n v e s t i g a t i o n s ,  t h e  Epons were c l a s s i f i e d  f o r  
space  use  as: poor (Epon 934, 931, 924, and 914);  b o r d e r l i n e  (Epon 941 
and 903);  and acceptab le  (Epon 917 and 901-B3). Epon 4225 i s  accep tab le  
only  i f  pos tcured  a t  1 7 p C .  
* 
Trademark f o r  S h e l l  Chemical Company's epoxide adhesives .  
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INTRODUCTION 
The o v e r - a l l  o b j e c t i v e  of t h i s  program i s  t o  provide a s s i s t a n c e  t o  
the  JPL s t a f f  members i n  t h e  development of s p e c i f i c a t i o n s  and procedures  
for polymeric s p a c e c r a f t  ma te r i a l s .  This  i nc ludes  d e f i n i t i o n s  of proper-  
t ies,  t e s t s ,  and environments which a r e  s e n s i t i v e  and meaningful,  and 
c o l l e c t i o n  of p e r t i n e n t  proper ty ,  environmental ,  and m a t e r i a l s  d a t a  f o r  
use  i n  s p e c i f i c a t i o n s .  Of p a r t i c u l a r  importance t o  t h i s  program are t h e  
outgass ing  c h a r a c t e r i s t i c s  of var ious  polymeric ma te r i a l s  ugder thermal- 
vacuum cond i t ions .  The ma te r i a l s  t o  be examined were s e l e c t e d  by t h e  
JPL cognizant  engineers .  
The f i r s t  c l a s s  of materials s e l e c t e d  f o r  s tudy  were t h e  gene ra l  
purpose s t r u c t u r a l  adhesives  of the  epoxide type,' 
adhesives .  Samples were prepared and cured us ing  recommended (by S h e l l  
and JPL) procedures  and t h e i r  weight l o s s  c h a r a c t e r i s t i c s  were determined 
a t  150°C and l o 4  mm Hg. 
r e n t l y  recommended s t e r i l i z a t i o n  temperature  of s p a c e c r a f t .  I n  a d d i t i o n ,  
t h e  outgassed v o l a t i l e s  and condensables were analyzed t o  determine t h e i r  
source  ( i  . e . ,  a d d i t i v e s ,  s t r u c t u r a l ,  abnormal i t ies ,  cha in  degrada t ion ,  
e t c . )  so t h a t  improvements i n  the m a t e r i a l s  or i n  t h e i r  p rocess ing  con- 
d i t i o n s  could be recommended. 
s p e c i f i c a l l y  t h e  Epon 
This  temperature ( 1 5 0 ° C )  approximates t h e  cur -  
Since most of t hese  ma te r i a l s  showed l i t t l e  change under t h e s e  
temperature  cond i t ions ,  d a t a  were a l s o  c o l l e c t e d  a t  200°C. The r e s u l t s  
i n d i c a t e d  t h e  gene ra l  s t a b i l i t y  of t h e  polymeric material and thus  pro- 
v ided  i n s i g h t  i n t o  i ts  s t ruc tu re -p rope r ty  reiztionship--knowledge which 
is  important f o r  guiding f u t u r e  s p a c e f r a f t  needs.  
JPL Spacecraf t  Ma te r i a l s  Guidebook, Revision 3,  1964 
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Materials 
Epon adhesives  90 
EXPERIMENTAL 
-B3 ,  903, 914, 917, 24, 93  B, 934 B, 941, and 
4225 w e r e  obtained from Mr. Evan Blake, Adhesives Department, P l a s t i c  and 
Resins  Div is ion  of t h e  S h e l l  Chemical C O . ,  P i t t s b u r g ,  C a l i f o r n i a .  These 
r ep resen t  t h e  purer  f r a c t i o n s  of s tandard product ion materials.  
All samples were s t o r e d  under r e f r i g e r a t i o n  t o  minimize s i d e  reac- 
t i o n s .  This  i s  p a r t i c u l a r l y  important w i th  t h e  4225 adhesive system 
because of h igh  r e a c t i v i t y .  T h e  manufacturer recommends t h a t  t h e  material  
be s t o r e d  a t  temperatures  below O°C and a record kept of t h e  t i m e  t h e  
adhesive i s  out  of s to rage .  The e f f e c t  of warming seems t o  be cumulative 
and t h e  4225 adhesive has  a s torage  l i f e  of on ly  2 days a t  room tempera- 
t u r e .  A pre l iminary  examination of t h e  composition and p u r i t y  of t h e s e  
adhesives  was made u s i n g  se l ec t ed  sepa ra t ion  techniques  and i n f r a r e d  
spectroscopy.  The d a t a  are summarized i n  Table I .  
PreDarat ion of T e s t  SamDles 
T e s t  samples of t h e  r e s i n  were c a s t  on s p e c i a l l y  prepared r ec t angu la r  
aluminum (Alclad 2024 T-3) s t r i p s ,  2 . 7  cm wide and 11 c m  long.  I n i t i a l l y ,  
2 - m i l  aluminum shee t  was used, but l a t e r  1 1 - m i l  aluminum shee t  was found 
t o  be more s a t i s f a c t o r y  because the t es t  samples d i d  not  c u r l  during t h e  
thermal-vacuum t rea tments .  
The aluminum s t r i p s  were prepared f o r  bonding by vapor degreas ing  
w i t h  t r i c h l o r o e t h y l e n e  and then  e tch ing  wi th  chromate s o l u t i o n  (2:7:17 
p a r t s  by weight N+CrzQ, : conc. %SO4: H,O) at  66 f 3OC f o r  10 minutes.  
The s t r i p s  were r in sed  thoroughly wi th  d i s t i l l e d  water  and d r i ed  f o r  
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A s t r i p  of masking t a p e  was placed ac ross  t h e  t o p  of t h e  aluminum 
s t r i p  dur ing  spreading  of t h e  adhesive; t h e  t ape  was then peeled away t o  
l eave  a r e s i n - f r e e  a r e a  f o r  ease  i n  handl ing.  Although t h e  exact  dimen- 
s i o n s  of t h e  samples a r e  not  c r i t i c a l ,  t h e  s u r f a c e  a r e a  t o  volume r a t i o  
should be wi th in  5% of t h a t  given i n  t h e  material s p e c i f i c a t i o n s .  The 
th i ckness  of t h e  test samples va r i e s  cons iderably  f o r  t h e  var ious  adhe- 
s i v e  s y s t e m s  t e s t e d  because of the widely d i f f e r i n g  v i s c o s i t i e s  of each 
sys t em.  (Note: The outgass ing  p r o p e r t i e s  of t hese  r e s i n s  a r e  h ighly  
s e n s i t i v e  t o  sample th i ckness . )  
I n  t h e  p repa ra t ion  of two-part adhesives ,  t h e  need f o r  adequate 
mixing of t h e  two components cannot be overemphasized. Batches smal le r  
than those  recommended should not be prepared s i n c e  l a r g e r  weighing 
errors may be in t roduced ,  p a r t i c u l a r l y  i n  t h e  cu r ing  agent ,  which could 
s e r i o u s l y  a f f e c t  t h e  behavior  of t he  adhesive.  Mixing may be done manu- 
a l l y  u s ing  a s p a t u l a ;  S h e l l  recommends vigorous s t i r r i n g  f o r  a t  l e a s t  
5 minutes,  f r equen t ly  scrap ing  the s p a t u l a  and t h e  s i d e s  of t he  beaker .  
De ta i l ed  p repa ra t ion  of t h e  t e s t  specimens i s  given below ( l e t t e r s  r e f e r  
t o  Table I ,  Desc r ip t ion ) .  
-
Epon 901-R3: The adhesive mixture was prepared by thoroughly mixing 
(vigorous s t i r r i n g  wi th  a spa tu l a )  11 g of P a r t  B and 100 g of Pa r t  A.  
An ever, l a y e r  of t h e  adhesive mixture,  15-20 a i l s  t h i c k ,  was appl ied  t o  
t h e  etched aluminum s t r i p s  us ing  a camel ' s -ha i r  brush. The samples w e r e  
p laced  i n  a fo rced  d r a f t  oven a t  116oC (240'F) f o r  30 mi iu t e s ;  t h e  tem- 
p e r a t u r e  of t h e  oven was then ra i sed  t o  l 7 F C  (350'F) and t h e  samples 
cured f o r  an a d d i t i o n a l  90 minutes. The samples were p r e t r e a t e d  f o r  
55 hours  a t  24'C (7F F) and 3 x 10% mm Hg be fo re  use .  
Epon 903: An even l a y e r  of adhesive,  about 5 m i l s  t h i ck ,  was appl ied  
t o  t h e  e tched  aluminum s t r i p s  using a p u t t y  kn i f e .  The samples were cured 
f o r  2 hours i n  a forced  d r a f t  oven a t  1 7 p C  (350'F). The samples rece ived  
no f u r t h e r  t rea tment  before  thermal-vacuum t e s t i n g .  
Epon 914: An even l a y e r  of adhesive,  approximately 30 m i l s  t h i c k ,  
w a s  appl ied  t o  t h e  etched aluminum s t r i p s  wi th  a p u t t y  kn i f e .  The samples 
w e r e  cured i n  a forced d r a f t  oven a t  204OC (400'F) f o r  35 minutes.  The 
samples rece ived  no f u r t h e r  treatment before  theraal-vacuum t e s t i n g .  
5 
Epon 917: A t h i n ,  even l aye r  of t h e  powder w a s  app l i ed  t o  ofie s i d e  
of t h e  etched aluminum s t r i p  with a camel 's-hair  brush and t h e  sample 
warmed i n  an oven t o  hold it i n  place.  The r e s u l t i n g  l a y e r  of adhesive 
w a s  approximately 15 m i l s  t h i c k .  The adhesive was then  cured f o r  
60 minutes i n  a forced  d r a f t  oven a t  149'C (300'F). The samples received 
no f u r t h e r  t rea tment  before  exposure t o  thermal-vacuum cond i t ions .  
Epon 931: The adhesive mixture w a s  prepared by thoroughly mixing 
9 g of Pa r t  B and 100 g of Pa r t  A w i th  a s p a t u l a .  The mixture  was then 
spread on t h e  e tched  aluminum s t r i p s  wi th  a p u t t y  k n i f e  t o  g ive  a smooth, 
even l a y e r  approximately 25 m i l s  t h i c k .  The samples w e r e  then cured i n  
a forced  d r a f t  oven a t  161OC (250'F) f o r  60 minutes.  The samples received 
no f u r t h e r  t rea tment  before  thermal-vacuum t e s t i n g .  
Epon 934: The adhesive mixture w a s  prepared by thoroughly mixing 
33 g of Pa r t  B t o  100 g of Pa r t  A w i th  a s p a t u l a .  The mixture  was then 
spread on etched aluminum coupons us ing  a p u t t y  k n i f e ,  t o  g ive  an even 
l a y e r ,  15-20 m i l s  t h i c k .  The samples were cured a t  ambient temperature 
(20-25'C) f o r  seven days.  The samples received no f u r t h e r  t reatment  
be fo re  thermal-vacuum t e s t i n g .  
Epon 4225: The Epon 4225 adhesive f i l m  w a s  c u t  t o  t h e  des i r ed  s i z e ,  
t h e  polyethylene p r o t e c t i v e  sheet  removed from one s i d e  of t he  sample, 
and t h e  exposed s i d e  placed on an e tched aluminum s t r i p .  The remaining 
polye thylene  p r o t e c t i v e  shee t  was then removed, and t h e  exposed su r face  
covered w i t h  a shee t  of Teflon,  then a pane of g l a s s .  Gentle p re s su re  
w a s  appl ied  t o  t h e  samples t o  prevent a i r  bubbles from forming during 
t h e  cu r ing .  A schematic of t h i s  assembly i s  shown i n  Fig.  1. The sam- 
p l e s  were then  cured i n  a forced d r a f t  oven a t  1660C (300'F) f o r  
30 minutes .  
Epon adhesives  924 and 941 were prepared according t o  t h e  S h e l l  
Epon Manual. S ince  t h e s e  ma te r i a l s  were not  s tud ied  f u r t h e r ,  t h e i r  
d e s c r i p t i o n s  a r e  not  included.  
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FIG. 1 SCHEMATIC DIAGRAM OF EPON 422J CURING ASSEMBLY 
Equipment 
The vacuum s y s t e m  (F ig .  2 ) ,  which u t i l i z e s  a mechanical roughing 
pump (capac i ty  140 l i t e r s  p e r  minute) and a mercury d i f f u s i o n  pump, can 
achieve r o u t i n e  p r e s s u r e s  of 1-3 x mm Hg. P res su res  were measured 
with a P i r a n i  ion  gauge (Consolidated Vacuum Corp.)  c a l i b r a t e d  f o r  
p r e s s u r e s  of .025  t o  mm Hg. The adhesive test samples were placed 
i n  modified r e s i n  k e t t l e s  (F ig .  3) which w e r e  heated by o i l  ba ths .  The 
o i l  ba ths  cons i s t ed  of s t a i n l e s s  s teel  beakers f i l l e d  with Dow s i l i c o n e  
o i l  No. 550 and heated by r e s i n  k e t t l e  h e a t i n g  mantles .  The bath t e m -  
p e r a t u r e s  were c o n t r o l l e d  by Thermistemp temperature c o n t r o l l e r s  
(Yellowspring Instrument Co., Model 63RA), and t h e  power t o  t h e  hea t ing  
mantles  w a s  suppl ied by a v a r i a b l e  t r ans fo rmer .  This  arrangement main- 
t a i n e d  t h e  o i l  ba ths  a t  of the  d e s i r e d  temperature.  I n  gene ra l  t h e  
bath temperatures  were held about f i v e  degrees  h ighe r  t o  maintain the  
d e s i r e d  sample temperature.  The temperature of t h e  o i l  baths  w a s  measured 
d i r e c t l y  by a mercury thermometer suspended i n  t h e  ba th ;  t h e  temperature  
i n s i d e  t h e  r e s i n  pot  w a s  determined from a thermocouple w i r e  i n s e r t e d  
i n t o  t h e  thermocouple tube which extended i n t o  t h e  r e s i n  p o t .  Tempera- 
t u r e  measurements were made us ing  a Leeds and Northrup temperature poten- 
tiometer which read d i r e c t l y  i n  degrees c e n t i g r a d e .  (Measurements were 
a c c u r a t e  t o  approximately *0.5'C.) The r e s i n  pot l ed  d i r e c t l y  t o  a 
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convent ional  t r a p  cooled with l i q u i d  n i t rogen  which could be i s o l a t e d  
from t h e  rest of t he  system so t h a t  i t s  c o n t e n t s  could be t r a n s f e r r e d  
i n t o  a g l a s s  sample bulb s u i t a b l e  f o r  a n a l y s i s ,  such as i n f r a r c d ,  mass 
spectrometry,  e t c .  
The coated aluminum specimens were removed from t h e  s y s t e m  f o r  
weighing t o  determine weight loss;  weights w e r e  determined on a hlettler 
HI' balance,  accurate t o  *0 .05  m g .  Although cont inuous weighing under 11 
vacuum is recognized as a s u p e r i o r  method, t h e  p re sen t  s y s t e m  w i l l  
accommodate f o u r  d i f f e r e n t  samples a t  one t i m e  and permits  t he  rap id  
sc reen ing  of materials as requested by JPL  i n  t h i s  p r o j e c t .  
ION GAUGE m 
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C h a r a c t e r i z a t i o n  of Polymeric Mater ia l s  
The Epon adhesive samples were exposed t o  thermal-vacuum cond i t ions  
i n  o r d e r  t o  determine:  (1) t h e i r  weight l o s s ;  and ( 2 )  t h e  na tu re  of t h e  
outgassed material. I n  s e v e r a l  ins tances ,  t h e  e f f e c t s  of process ing  and 
pos t cu r ing  cond i t ions ,  and of polymer and c a t a l y s t  p u r i t y  on t h e  out -  
gas s ing  c h a r a c t e r i s t i c  of t h e  epoxide adhesive w e r e  determined. The 
experimental  t echniques  a r e  descr ibed below. 
Thermal Vacuum Tes t ing  Procedure 
~~ ~~ ~ 
The cured Epon adhesive s a m p l e s  were t e s t e d  a t  15OoC and 2OO0C and 
approximately 3 x 10 mm H g  f o r  a t o t a l  exposure of 150-200 hours.  A t  
approximately 24-hour i n t e r v a l s ,  t h e  samples were removed f o r  weighing. 
The temperature  of t h e  o i l  ba th  and t h e  i n t e r i o r  of t h e  r e s i n  po t ,  and 
t h e  p re s su re  of t h e  s y s t e m  were recorded a t  t h i s  t i m e .  The samples  were 
removed from t h e  t r a p s  wi th  forceps and allowed t o  c o o l ,  then  weighed t o  
t h e  n e a r e s t  0 .01  mg and re turned  t o  t h e  r e s i n  p o t s ,  which were i m m e d i a t e l y  
re-evacuated and t h e  t e s t i n g  continued. 
-6 
Samples f o r  mass spec t roscopic  a n a l y s i s  were obta ined  ,at t h e  con- 
c l u s i o n  of each thermal-vacuum t e s t  by vacuum-transfer of t h e  m a t e r i a l  
i n  t h e  t r a p  t o  a mass spectrometer  sampler bulb.  The bulb was evacuated,  
mois ture  removed by f laming,  and t h e  t r a n s f e r  accomplished by coo l ing  t h e  
evacuated bulb i n  l i q u i d  n i t rogen  while  t h e  t r a p  w a s  warmed t o  room t e m -  
p e r a t u r e  ( the  t rap-bulb system was i s o l a t e d  from t h e  rest of t h e  s y s t e m  
du r ing  t h e  t r a n s f e r ) .  Sample bulbs were s t o r e d  i n  dry  ice u n t i l  a mass 
spec t roscop ic  a n a l y s i s  could be performed. 
The fo l lowing  r a w  d a t a  were recorded f o r  each tes t :  (1) weight and 
dimensions of cured samples; (2) weight of t h e  sample t o  t h e  n e a r e s t  0 .01 
mg a t  24-hour i n t e r v a l s ;  (3) t h e  temperature  of t h e  system; (4)  any 
changes i n  c o l o r  or o t h e r  physical  p r o p e r t i e s  of t h e  sample (5) observa- 
t i o n s  r e l a t i n g  t o  outgassed ma te r i a l s ,  such a s  condensable o i l s  on t h e  
i n s i d e  of t h e  head of t h e  r e s i n  pot ,  above t h e  l e v e l  of hea t ing ;  (Note: 
If enough of t h e  o i l  w a s  evolved, an I R  spectrum of t h e  m a t e r i a l  w a s  
recorded)  and (6)  i d e n t i f i c a t i o n  of any v o l a t i l e  m a t e r i a l  c o l l e c t e d  i n  
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t h e  co ld  t r a p s  by means of mass spec t romet r ic  a n a l y s i s  and i n f r a r e d  
spectrometry.  These d a t a  a r e  t abu la t ed  i n  Tables  11, 111, I V ,  and V .  
I n f r a r e d  s p e c t r a  were obtained us ing  a Perkins-Elmer 221 I n f r a r e d  
Spectrophotometer.  Mass spec t roscopic  ana lyses  were obta ined  us ing  a 
Consol idated Electrodynamics Corporat ion Model 21-103C. 
E f f e c t  of Sample Thickness of Weight Losses 
Epon 914 w a s  s e l e c t e d  f o r  use i n  determining th i ckness  e f f e c t s  on 
outgass ing  c h a r a c t e r i s t i c s  because of i t s  good performance a t  l5OoC.  
Samples of var ious  th i cknesses  were prepared and cured as descr ibed  pre-  
v ious ly .  The abso lu te  th i ckness  of t h e  ma te r i a l  w a s  c a l c u l a t e d  from t h e  
exper imenta l ly  measured dens i ty  of cured Epon 914 (2.44 g/c$).  The 
e f f e c t  of t h i ckness  on weight loss and weight l o s s  ra te  were determined 
a t  15OoC and lo* mm Hg f o r  a t o t a l  exposure of up to 190 hours .  
weight l o s s e s  w e r e  measured a t  approximately 24-hour i n t e r v a l s .  The d a t a  
are shown i n  Table V I .  
Sample 
E f f e c t  of Ma te r i a l  P u r i t y  on Weight Losses 
The d i g l y c i d y l  e t h e r  of "Bisphenol A" w a s  s e l e c t e d  a s  an experimental  
r e s i n  base s i n c e  it  w a s  a v a i l a b l e  commercially i n  both pure and commercial 
g rade  (impure) forms. The "impure" or commercial grade material, Epon 828, 
is  a c lear ,  low v i s c o s i t y  l i q u i d ;  t h e  "pure" grade Epon X-22 l o t  1-62 i s  
a whi te  c r y s t a l l i n e  powder. m-Phenylene diamine, s e l e c t e d  as a t y p i c a l  
aromatic  amine cu r ing  agent ,  w a s  a l s o  obtained i n  an impure o r  commercial 
grade form, m.p. 62-64OC (Matheson, Coleman and B e l l )  , and i n  a pure form 
by subl imat ion  a t  6OoC/0.1 mm Hg. The sublimed material w a s  a pure whi te  
c r y s t a l l i n e  s o l i d  which was s tored  under n i t rogen  atmosphere u n t i l  u se .  
Tes t  specimens f o r  thermal-vacuum t e s t i n g  were prepared by mixing 0.54 g 
of t h e  amine cu r ing  agent w i t h  10.0 g of t h e  r e s i n  base ;  and a l l  f o u r  
p o s s i b l e  combinations,  i . e .  , pure r e s i n  and pure amine, pure r e s i n  and 
impure amine, impure r e s i n  and pure amine, and impure r e s i n  and impure 
amine were prepared .  Because of t h e  poor we t t ing  p r o p e r t i e s  of t h e s e  
u n f i l l e d  adhesive mixtures ,  they were c a s t  i n t o  aluminum f o i l  cups about 
3 c m  i n  diameter  and about 0 .15 cm deep, r a t h e r  than  on t h e  etched alumi- 
num s t r i p s .  The cups were lub r i ca t ed  wi th  s i l i c o n e  grease  t o  a l low e a s y  
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removal of t h e  samples a f t e r  cur ing .  The cu re  of t h e  samples were as 
fo l lows:  
hours  a t  120'C (248'F) and then 2 hours a t  177'C (350'F) A f t e r  
c u r e ,  t h e  samples were removed from t h e  aluminum f o i l  cups and wiped 
w i t h  ace tone  t o  remove any r e s i d u a l  l u b r i c a n t ;  any s u r f a c e  i r r e g u l a r i t i e s  
were removed w i t h  a s c a l p e l .  The samples were weighed and then  esposed 
t o  150'C and 1 x 
a t  24-hour i n t e r v a l s  a s  descr ibed  above. N o  mass spectroscopy da ta  were 
obta ined  on these  samples.  The data  a re  shown i n  Table V I I .  
i n i t i a l  g e l a t i o n  f o r  4 hours a t  55'C (131'F) fol lowed by 2 
mm Hg f o r  210 hours .  Weight l o s s e s  were determined 
E f f e c t  of Pos t cu r ing  Conditions on t h e  Thermal Vacuum P r o p e r t i e s  of 
EDon 4225 
T e s t  specimens of Epon 4225 were prepared and cured as desc r ibed  
above, then  pos tcured  under seve ra l  s e l e c t e d  cond i t ions :  (1) a t  350'C 
for 6-48 hours  i n  a i r ;  (2)  a t  35OoC f o r  6-48 hours under n i t r o g e n .  
During t h e  pos tcure  c y c l e ,  t h e  sample under n i t rogen  l o s t  0.00631 g or 
0.19% of i ts  o r i g i n a l  weight ,  while t h a t  i n  a i r  l o s t  only 0.088% of i t s  
o r i g i n a l  weight .  However, t he  l a t t e r  samples underwent a marked 
darkening i n  c o l o r .  
above. 
Samples were vacuum t e s t e d  a t  200'C as desc r ibed  
RESULTS 
The S h e l l  Epon adhesives  examined i n  t h i s  s tudy  a r e  t a b u l a t e d  i n  
Table  I a long  w i t h  a b r i e f  d e s c r i p t i o n  of t h e i r  composition and the  
approximate s i z e  and weight of the sample degraded. I n  gene ra l ,  t h e  
weight l o s s  of heterogeneous ma te r i a l s  under vacuum is  dependent on 
tempera ture ,  t h e  amount and type  of v o l a t i l e  material p re sen t  i n  the  
sample,  and t h e  geometry of t h e  sample. A t  p r e s su res  below about  
mm Hg, weight l o s s  is not u sua l ly  cons idered  s e n s i t i v e  t o  p r e s s u r e .  
I n  t h i s  r e p o r t ,  weight l o s s e s  a r e  r epor t ed  both  as  percent  l o s s  on t h e  
b a s i s  of o r i g i n a l  sample weight ,  and a s  o v e r - a l l  l o s s  per  u n i t  s u r f a c e  
a r e a  (g  cm-2) of sample. The s i g n i f i c a n c e  of r e p o r t i n g  both parameters  
w i l l  become ev iden t  l a t e r  i n  t h e  t e s t .  Some o the r  terms used i n  
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r e p o r t i n g  outgass ing  d a t a  are  def ined below. 
A p l o t  of material l o s s  versus t i m e  i s  gene ra l ly  of t h e  form: 
0 7  T i m e ,  t 
Steady S t a t e  (SS) i s  represented  by t h e  l i n e a r  p o r t i o n  (BC) of t h e  
cu rve .  
I n i t i a l  Weight L o s s  i s  t h e  zero-time i n t e r c e p t  of t h e  l i n e a r  po r t ion  
of t h e  weight l o s s  curve (A).  
Time U n t i l  Steady S t a t e  is  t h e  t i m e  before  t h e  weight l o s s  becomes 
l i n e a r  ( 7 ) .  
Steady S t a t e  Loss Rate is given by t h e  s l o p e  of t h e  l i n e a r  po r t ion  
AW 
AT 
of t h e  weight l o s s  curve (-). 
A l l  t h e s e  parameters  a r e  es t imated g r a p h i c a l l y ,  
Sample weights  a r e  determined wi th  an u n c e r t a i n t y  of 5 i n  t h e  
f i f t h  decimal p l ace  (about f .005$ i n  most cases). However, as weight 
l o s s e s  a r e  gene ra l ly  of t h e  order  of 1-5% of t h e  t o t a l  sample weight ,  
t h e  a c t u a l  e r r o r  i n  weight l o s s  measurements i s  a t  least  0.5%; a 
conse rva t ive  range of e r r o r  nay be set  a t  0 . 5  - 1.0%.  
The parameters  es t imated  graphica l ly  a r e  r a t h e r  less a c c u r a t e ;  i n i t i a l  
weight l o s s e s  are accura t e  t o  about 5%. Weight loss rates a r e  approximately 
two o rde r s  of magnitude smaller than the  a c t u a l  weight l o s s e s  and are  
accord ingly  less p r e c i s e .  The t i m e s  t o  s t eady  s t a t e  are approximations,  
because a s h a r p  t r a n s i t i o n  t o  the s t eady  s ta te  is ra re ly  observed.  
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The weight l o s s  da t a  f o r  a l l  t h e  epoxies  t e s t e d  are summarized i n  
Tables  I1 - V and p l o t t e d  i n  F igs .  4-7. Tables  I1 and I V  summarize t h e  
weight l o s s  d a t a  a t  150' and 2OO0C r e s p e c t i v e l y ,  and Tables  I11 and V 
summarize t h e  information obtained on t h e  outgassed material a t  150' 
and 200' r e s p e c t i v e l y .  
of t i m e  a t  15OoC. 
weight l o s s  per  u n i t  su r f ace  a r e a .  F igu res  6 and 7 show t h e  corresponding 
d a t a  obta ined  a t  200'C. 
Figure 4 gives  percent  weight l o s s  as  a f u n c t i o n  
F igure  5 i l l u s t r a t e s  t h e  same da ta  c a l c u l a t e d  a s  
E f f e c t  of t h i ckness  on weight l o s s  p r o p e r t i e s :  The e f f e c t  of 
t h i c k n e s s  of Epon 914 samples on i ts  weight l o s s  c h a r a c t e r i s t i c s  a t  15OoC 
is shown i n  F i g s .  8-12. The da ta  a r e  summarized i n  Table V I .  
E f f ec t  of m a t e r i a l  p u r i t y  on weight l o s s  c h a r a c t e r i s t i c s :  The 
weight l o s s  curves  f o r  t h e  s y n t h e t i c  epoxide adhes ives  (analogs of t h e  
Epons),  prepared t o  determine t h e  r e l a t i o n s h i p s  between c a t a l y s t  p u r i t y  
and base polymer p u r i t y ,  a r e  shown i n  F i g .  13 and t h e  da t a  t a b u l a t e d  i n  
Table  V I I .  
E f f ec t  of pos t cu r ing  on t h e  outgass ing  p r o p e r t i e s  of Epon 4225: The 
fo l lowing  f i g u r e s  summarize t h e  e f f e c t s  of var ious  pos t cu r ing  procedures 
on t h e  outgass ing  c h a r a c t e r i s t i c s  of Epon 4225 a t  200'C and lo-" mm Hg. 
F igure  14 compares t h e  weight l o s s  curve of Epon 4223 which w a s  not 
pos tcured  w i t h  weight loss curves f o r  t h e  same material pos tcured  a t  
177'C (350'F) f o r  6 ,  1 2 ,  and 48 hours i n  a i r  and for 48 hours  i n  n i t r o g e n .  
F igu re  15  shows t h e  percent  weight loss  as a f u n c t i o n  of t h e  pos tcure  
t i m e  f o r  t h e  same samples which had been exposed t o  200'C and 
f o r  48 hour s .  Because the  samples employed were of nea r ly  t h e  same 
t h i c k n e s s  and s u r f a c e  a r e a ,  p l o t s  f o r  t h e  same information i n  terms of 
weight  l o s t  pe r  cm2 a r e  not included.  
mm Hg 
1 4  
Table I1 
I n i t i a l  
Weight 
percent  
OUTGASSING CHARACTERISTICS O F  THE SHELL EPON ADHESIVES 
WEIGHT LOSS DATA AT 15OoC 
Steady S t a t e  
Loss R a t e  
g cm-2 hr-' x 10" 
Loss 
g c m - 2  x io4 
Sample 
T h i  c kne s s 
g/uni t  area 
Adhesive 
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Adhesive 
N o .  
~ 
934 








Table I V  
OUTGASSING CHARACTERISTICS O F  THE SHELL EPON ADHESIVES 
WEIGHT LOSS DATA AT 2OO0C 
~~ 
Sample 
Thi cknes s 
g/uni t  area 
1 .48  
2.04 
1 .89  
1 .03  
0.396 




T ime  t o  











I n i t i a l  Weight Loss 
percent  
2 .22 
1 .84  
2 .23  
0 .51  
1 .77  




g cm-2 x 104 
16 .3  
13 .7  
15 .2  
2 . 7  
2 . 8  
11.8 
1 0 . 5  
17.9 
5 . 5  
Steady S t a t e  
Loss Rate 
g hr-I  lo6 
8 . 6  
9 . 6  
6 . 3  
2 . 5  
1 . 2  
0.8 
3 .9  
0.8 
4 .8  
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Table V I  
Sample Thickness 
m i l s  
3 .83  
2 .75  
1.33 
0.34 
OUTGASSING CHARACTERISTICS OF EPON 914 
FOR TEST SPECIMENS OF VARIOUS THICKNESSES 
Steady S t a t e  
Loss R a t e  I n i t i a l  Weight Loss 
percent  g cm-2 x 104 g cm-2 hr- l  x lo6 
0.95 2.28 0 .04  
1 .07  1 .82  0.03 
1 .26  1 . 0 2  0 .04  
2.24 0.48 0.04 
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T a b l e  V I 1  
Epoxide A m i n e  
I m p u r e  I m p u r e  
Pure I m p u r e  
I m p u r e  Pure 
Pure Pure 
EFFECT OF COMPONENT PURITY ON THE OUTGASSING CHARACTERISTICS 





I n i t i a l  Weight Weight Loss  R a t e  I Loss (%> I g cm-2 hr-I x l o 6  R e s i n  S y s t e m  Weight Los  s a t  100 H r s .  
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1.8 
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21 
9 
/ I 1 1 I 




FIG. 5 WEIGHT LOSS OF EPON ADHESIVES IN g 
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FIG. 6 PERCENT WEIGHT LOSS OF EPON ADHESIVES 
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FIG. 7 WEIGHT LOSS OF EPON ADHESIVES IN g cm-2 
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FIG. 9 EFFECT OF SPECIMEN THICKNESS ON CUMULATIVE PERCENT 
WEIGHT LOSS AFTER 48 HOURS AT  150°C AND mm Hg 
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FIG. 10 WEIGHT LOSSES IN g FOR TEST SPECIMENS 
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DISCUSSION 
Epoxy adhesives  have been.widely used f o r  both s t r u c t u r a l  and non- 
s t r u c t u r a l  a p p l i c a t i o n s  i n  s p a c e c r a f t .  A b r i e f  d e s c r i p t i o n  of t h e  general  
chemistry of t hese  m a t e r i a l s  is given i n  t h e  Appendix. Of p a r t i c u l a r  
importance t o  t h e  JPL mate r i a l s  s p e c i f i c a t i o n  program have been t h e  
s t r u c t u r a l  adhesives  as represented by t h e  S h e l l  "Epon" adhesives  e 
t h e  f i r s t  phase of t h i s  program the genera l  thermal-vacuum s t a b i l i t y  and 
t h e  outgass ing  c h a r a c t e r i s t i c s  of t hese  materials w e r e  determined. 
I n  
Of t h e  e l even  S h e l l  "Epon" adhesives  i n i t i a l l y  s e l e c t e d  by JPL 
cognizant  eng inee r s ,  t h r e e  were e l imina ted  a f t e r  j o i n t  d i scuss ions  w i t h  
t h e  JPL cognizant  engineer  Hugh Maxwell and Mr. Evan Blake of t h e  S h e l l  
Chemical C o .  These were Epon 911, which con ta ins  a po lysu l f ide  i n  i t s  
fo rmula t ion ;  and Epons 941 and 929, which have less q u a l i t y  c o n t r o l  and 
are ,  t h e r e f o r e ,  cheaper products  ( these  two are  s imi l a r  t o  Epon adhesive 
934 which i s  a high-grade m a t e r i a l ) .  I t  w a s  of i n t e r e s t  t o  n o t e ,  however, 
t h a t  i n  pre l iminary  sc reen ing  t h e  sample of Epon 941 rece ived  performed 
q u i t e  favorably  compared t o  t h e  o ther  materials.  The remaining e i g h t  
samples (Epon 901-B3, 903,  914, 917, 924,  931,  934, and 4225) were then 
prepared and cured and exposed t o  a thermal-vacuum environment t o  determine 
the  amount of ou tgass ing .  I n  a d d i t i o n ,  t h e  outgassed m a t e r i a l  was 
analyzed t o  determine i t s  source ,  i . e . ,  polymer cha in  degrada t ion ,  
a d d i t i v e s ,  e t c .  
The shape of t h e  curves obtained from weight l o s s  da t a  i n d i c a t e  
t h a t  a l a r g e  amount of weight i s  l o s t  i n i t i a l l y ,  o f t e n  wi th in  t h e  f i r s t  
24 hour s ,  and then  t h e  l o s s  of weight l e v e l s  o f f ,  and v a r i e s  l i n e a r l y  
wi th  t i m e .  This  behavior  i s  genera l ly  i n t e r p r e t e d  a s  t h e  r a p i d  removal 
Of material adsorbed on t h e  sur face  of t h e  sample (such as  a i r  and & O ) ,  
fol lowed by t h e  much slower d i f fus ion  of low molecular  weight m a t e r i a l  
such  as r e s i d u a l  so lven t  and unreacted fragments from the  i n t e r i o r  
polymer network. I t  i s  r e a l i z e d ,  of cour se ,  t h a t  t h i s  t rea tment  i s  an  
o v e r s i m p l i f i c a t i o n .  I n  f a c t ,  no rea l  s e p a r a t i o n  of l tsurface' '  and 
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"d i f fus ion"  processes  can be made, and t h e  so -ca l l ed  " i n i t i a l  weight 
l o s s "  must n e c e s s a r i l y  inc lude  l o s s  due t o  d i f f u s i o n  of m a t e r i a l s  
having low bonding ene rg ie s  ( e . g . ,  gases)  and v o l a t i l e  l i q u i d s  ( e . g . ,  
s o l v e n t s ) .  In  p r a c t i c e ,  however, two parameters ,  t h e  i n i t i a l  weight 
l o s s  and t h e  weight l o s s  r a t e ,  a r e  s u f f i c i e n t  t o  desc r ibe  t h e  thermal- 
vacuum behavior  of t h e  samples,  e s p e c i a l l y  i f  in format ion  on t h e  i n i t i a l  
behavior  of t h e  m a t e r i a l  i s  of no p a r t i c u l a r  i n t e r e s t .  
A t  150°C a l l  t h e  epoxies  t e s t e d  reached s t eady  s t a t e  w i t h i n  48 hours .  
The weight l o s s  curves  of t h e  Epon adhes ives  a t  t h i s  temperature  are 
shown i n  F i g s .  4 and 5 ,  and t h e  data  are t a b u l a t e d  i n  Table  1 1 .  None 
of t h e  Epon adhes ives  e x h i b i t e d  any s i g n  of degrada t ion  a t  t h i s  tempera- 
t u r e  w i t h  t h e  p o s s i b l e  except ion  of Epon 934 which darkened i n  c o l o r  
s l i g h t l y .  Outgassing p roduc t s ,  as  determined by m a s s  spec t roscopy,  were 
p r imar i ly  CO, (90-95 mole %) and water (2-10 mole %), w i t h  trace amounts 
of s o l v e n t s  such as  ace tone ,  t o luene ,  and benzene. 
During t h e  i n i t i a l  exposure (24 hours)  t o  t h e  2OO0C environment 
t h e  behavior  of t h e  Epon s a m p l e s  was s imi la r  t o  t h e i r  behavior  a t  
1 5 O O C .  
l o s t ,  t he  r e l a t i o n s h i p  among t h e  Epons remained t h e  same: 
Although t h e r e  was an  increase  i n  the  t o t a l  amount of m a t e r i a l  
% range 15OoC % range 2OO0C 
0-1 . o  914 0-1.75 901 
9 03 9 03 
931 914 
941 
1 . 0 - 1 . 5  941 1.75-2.75 941 
934 934 
917 9 17 
3.0-4.0 924 4.0-5.0 4225 
422 J 924 
A f t e r  t h i s  i n i t i a l  24-hour per iod ,  l a r g e  d i f f e r e n c e s  i n  behavior  occurred .  
The times t o  achieve  s t eady  s t a t e  i nc reased  g r e a t l y  and some materials 
appeared t o  e q u i l i b r a t e  only a f t e r  8 0  hours  or more. Marked inc reases  
i n  the  rates of weight l o s s  were a l s o  observed.  Data a r e  t a b u l a t e d  i n  
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Table I V  and i l l u s t r a t e d  i n  F i g s .  6 and 7 .  Epon 934 provides  an  
e x c e l l e n t  example of t h i s  t r e n d .  A t  150°C, t h i s  adhes ive  achieved s teady  
s t a t e  i n  less than  24 hours and had a l o s s  ra te  of 1 . 2  x g cm-2 h r - l .  
A t  2OO0C, it requ i r ed  over 80 hours t o  reach  a s t eady  s t a t e  and t h e  r a t e  
had r i s e n  t o  8 . 2  x 
a b l e  q u a n t i t y  of a v iscous  brown o i l  was observed t o  condense i n  t h e  head 
of t h e  r e s i n  k e t t l e ,  i n d i c a t i n g  degradat ion of t h i s  r e s i n .  Epons 914 
and 931,  which a l s o  appeared t o  undergo degrada t ion ,  behaved i n  a 
s i m i l a r  manner. 
and t h e i r  rates are a l s o  considerably l a r g e r  t han  those  observed a t  15OOC. 
T i m e  t o  s t eady  s ta te  i s  v a r i a b l e  a t  2OO0C, ranging  from 20 hours  for 
Epon 924 t o  a s  h igh  as  120 hours  f o r  Epon 931. 
g cm-2 h r - l .  Also a t  t h i s  temperature  a cons ider -  
Epon 924 and 941 may a l s o  degrade s l i g h t l y  a t  200°C 
The behavior  of Epon 903 i s  somewhat ambiguous: Although i t  
shows a very low i n i t i a l  weight l o s s ,  i t  achieves  s t eady  s ta te  only 
a f t e r  about 60  hours .  I ts  s t eady  s t a t e  weight l o s s  ra te  is  low, 
1 . 2  g c m - 2  h r - l .  There was no evidence of o i l  evo lu t ion  and l i t t l e  
c o l o r  change i n  t h e  t es t  specimen. 
The remaining two adhes ives ,  Epons 917 and 4225, achieve s t eady  
s ta te  f a i r l y  r a p i d l y ,  and e x h i b i t  low s teady  s t a t e  l o s s  r a t e s .  They 
show no s i g n s  of deg rada t ion .  I n  f a c t ,  t h e  value of 0 .8  x g cm-2 hr-I  
observed f o r  bo th  m a t e r i a l s  i s  a c t u a l l y  lower than  t h e i r  r e s p e c t i v e  
va lues  of 0 .94 and 1 . 2 8  x at  15OoC.  I t  has been found t h a t  t h e  
l a r g e  i n i t i a l  weight l o s s  of t h e  Epon 4225 may be g r e a t l y  reduced by 
pos t cu r ing  t h e  r e s i n .  
I n  g e n e r a l ,  t h e  weight l o s ses  of t h e  Epon adhes ives  a t  15OoC fol low 
very  c l o s e l y  a deso rp t ion  t y p e  of curve ,  i . e . ,  a good s t r a i g h t - l i n e  
r e l a t i o n s h i p  i s  obta ined  w i t h i n  a s h o r t  t i m e ,  gene ra l ly  wi th in  24 hours 
of t r ea tmen t .  This  i s  not t h e  case a t  20OoC. In  s e v e r a l  of t h e  
adhes ives ,  m a t e r i a l  degrada t ion  takes  p l ace  w i t h i n  t h e  polymer network, 
and t h e  d i f f u s i o n  of t h e s e  degradat ion products  p l ays  an  important r o l e  
i n  t h e  t o t a l  ou tgass ing  p rocess .  When weight l o s s  curves  of t hese  
materials were p l o t t e d  on a l i n e a r  scale,  i t  w a s  d i f f i c u l t  t o  a s c e r t a i n  
j u s t  when a s t eady  s t a t e  w a s  reached, and i n  s e v e r a l  ca ses  whether i t  
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w a s  achieved a t  a l l .  An a l t e r n a t i v e  method of p l o t t i n g  t h e  d a t a  i s  
t o  use t h e  loga r i thmic  form 
b Weight Loss, W = a t  
where a and b are cons t an t s .  The cons t an t s  a and b f o r  t h e  epoxy adhesives  
a t  2OO0C and lo-" mm are t abu la t ed  below, a s  w e l l  as t h e  cons tan t  b '  
( i . e . ,  t h e  cons t an t  f o r  t h e  second s lope )  f o r  those  adhes ives  t h a t  

































This  form has t h e  mathematical  advantage i n  t h a t  W = 0 a t  t = 0 ,  thus  
g i v i n g  a more r e a l i s t i c  d e s c r i p t i o n  of t h e  t o t a l  ou tgass ing  process .  
When t h e  2OO0C da ta  were p l o t t e d  on a f u l l  logar i thmic  scale, good 
s t r a i g h t  l i n e s  were obta ined  (F ig .  1 6 ) .  I n  t h e  case  of s e v e r a l  of t h e  
adhes ives  t h a t  had l a r g e  weight l o s s e s ,  abrupt  i nc reases  i n  t h e  s l o p e s  
were noted.  This  e f f e c t  is  most c l e a r l y  i l l u s t r a t e d  by Epon 924 where 
t h e r e  i s  a d i s t i n c t  change i n  s lope  a t  approximately 80 hours .  The 
exponen t i a l  ra te  of l o s s  rises t o  from Rive ra ,  e t  a l .  ," have 
observed a s i m i l a r  e f f e c t  f o r  Epon 820 CL a t  los mm Hg and 25OC. They 
a t t r i b u t e  t h i s  t o  a change i n  l o s s  mode or s p e c i e s .  I n  t h e  case of t h e  
adhes ives  t e s t e d  he re ,  however, the s i t u a t i o n  seems c l e a r .  Because 
none of t h e s e  t r a n s i t i o n s  i n  s lope i s  observed a t  15OoC,  i t  i s  reasonable  
t o  assume t h a t  those  observed a t  2OO0C are due t o  d i f f u s i o n  products  or 
degrada t ion  or t o  cha in  s c i s s i o n  of t h e  polymer. Although t h e s e  fragments  
may be produced e a r l y  i n  t h e  thermal vacuum t r ea tmen t ,  they w i l l  c o n s i s t ,  
--
~- ~~~ ~ 
'M. Rivera ,  W .  M.  F a s s e l l ,  J r . ,  and J .  Jensen ,  Trans.  N a t l .  Vac. Symp. 
- 9 ,  342 (1962). 
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a t  least  i n  p a r t ,  of moderately long c h a i n s ,  and t h e  t i m e  r equ i r ed  f o r  
d i f f u s i o n  of t h e s e  cha ins  w i l l  be l a rge .  
This  i n t e r p r e t a t i o n  i s  cons i s t en t  w i th  the  f a c t  t h a t  a l l  t h e  
materials e x h i b i t i n g  t h i s  t r a n s i t i o n  a l s o  gave v i s u a l  evidence of 
material degrada t ion  such a s  o i l  evolu t ion  and sample darkening.  
I n  most cases, t h e  amount of degradat ion material was t o o  s m a l l  t o  
i s o l a t e ,  and was observed only as a dark  o i l y  f i l m  formed around t h e  
t o p  of t h e  r e s i n  p o t .  I n  the ,  case  of t h e  Epon 934 and 931 adhes ives ,  
s u f f i c i e n t  amounts of degrada t ion  product were a v a i l a b l e  f o r  i n f r a r e d  
s p e c t r a .  Both give very s i m i l a r  spectra.  They may be i d e n t i f i e d  
t e n t a t i v e l y  a s  aromatic  esters on the b a s i s  of abso rp t ions  a t  5.80, 
7 .95 ,  and 9 . 3 0 ~ .  The product of t he  931, however, e x h i b i t s  an 
a d d i t i o n a l  sha rp  band a t  6 . 6 5 ~  and a broadening i n  t h e  9- lop  r eg ion .  
The base epoxy m a t e r i a l s  of t h e  Epon 934 and 931 are  i d e n t i c a l ,  wi th  a 
polyamide as c u r i n g  agent  f o r  t h e  former and a n  a romat ic  amine f o r  t h e  
l a t t e r .  The materials obtained i n  thermal-vacuum treatment  do no t  
correspond t o  unreac ted  s t a r t i n g  m a t e r i a l ,  but  a r e  ev iden t ly  products  
of epoxy degrada t ion .  
Mass spectroscopy da ta  were somewhat d i sappo in t ing .  I n  t h e  case  
of Epon 934,  where breakdown of the adhesive seemed obvious,  no 
outgass ing  products  were found except CO,, wa te r ,  and s o l v e n t .  The 
same w a s  t h e  case for 914. I n  the c a s e  of Epon 931, acetaldehyde and 
propylaldehyde were r e p o r t e d ,  but only i n  very small  amounts; Trace 
amounts of aldehydes were a l s o  reported i n  samples of Epon 917,  bu t  
t h e r e  were no o the r  i n d i c a t i o n s  of degrada t ion  w i t h  t h i s  mater ia l .  
E f f e c t  of Pos t cu r ing  on t h e  Thermal Vacuum Behavior of Epon 4225 
In  t h e  thermal  vacuum treatment of Epon 4225 it  w a s  found t h a t  t h i s  
adhes ive  e x h i b i t e d  not  only a l a r g e r  i n i t i a l  loss of weight t han  t h e  
o t h e r  adhes ives  t e s t e d  a t  15OoC but a l a r g e r  ra te  of l o s s  a f t e r  i nduc t ion .  
A t  200°C, however, t h i s  adhesive behaved d i f f e r e n t l y  from the  o t h e r  
adhes ives ,  i . e . ,  a l though t h e  i n i t i a l  weight l o s s  w a s  s imi la r  t o  t h a t  
a t  150°C (4.43% i n  t h e  f i r s t  24 hour s ) ,  t h e  l o s s  i n  weight l e v e l l e d  o f f ,  
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s o  the  f i n a l  weight loss was only 4.97% a f t e r  189 hours ,  and i n c r e a s e  
of only 0.54% i n  145 hours .  
evo lu t ion  of o i l y  material i n t o  the  head of t h e  r e s i n  p o t .  The only 
product i n d i c a t i v e  of poss ib l e  degrada t ion  was ammonia (12 .8  mole percent  
from mass spectroscopy d a t a ) .  
Also ,  a t  200°, Epon 422J showed no 
Since  Epon 4225 i s  a f iberg lass -based  t ape  type  adhesive e s p e c i a l l y  
developed f o r  h igh  temperature  use ,  JPL expressed i n t e r e s t  i n  r ende r ing  
t h i s  material more s u i t a b l e  for use i n  t h e  space environment.  I t  w a s  
f e l t  t h a t  d e s p i t e  i t s  l a r g e  i n i t i a l  weight l o s s e s  a t  150° and 200°,  
t h i s  adhes ive  was not  a c t u a l l y  undergoing degrada t ion  or chain s c i s s i o n .  
I t  i s  noted i n  t h e  Epon Adhesives Manual d i s t r i b u t e d  by S h e l l  Chemical 
Div is ion  t h a t  Epon 4225 "cures with t h e  evo lu t ion  of v o l a t i l e s  and thus  
forms a porous bond. .  . "  
high p o r o s i t y  of t h e  material provides  a ready exp lana t ion  of t h e  
anomalously l a r g e  amount of v o l a t i l e s  observed. I t  w a s  concluded from 
t h i s ,  as  w e l l  as our  own experiments ,  t h a t  t h e  p r o p e r t i e s  of t h i s  
r e s i n  could  be g r e a t l y  improved by pos t cu r ing  t h e  samples a t  tempera tures  
g r e a t e r  t han  150OC. 
Therefore  incomplete c u r i n g  coupled w i t h  t h e  
T e s t  samples were pos tcured  i n  a i r  and under a n i t rogen  atmosphere 
(48 hours  a t  177OC) t o  see i f  any o x i d a t i v e  e f f e c t s  would be observed,  
On t e s t i n g  t h e s e  samples ,  i t  w a s  found t h a t  they  behaved i d e n t i c a l l y  
under thermal-vacuum exposure,  y i e l d i n g  weight loss  curves t h a t  were 
i n d i s t i n g u i s h a b l e  w i t h i n  experimental  e r r o r  (F ig .  1 4 ) .  Both showed 
a marked r educ t ion  i n  weight loss  over  t h e  un t r ea t ed  sample; f o r  
example, a f t e r  160 hours  t h e  postcured samples had l o s t  only 1 .7% of 
t h e i r  o r i g i n a l  weight ,  compared wi th  5.0% f o r  t h e  un t r ea t ed  sample. 
I t  i s  i n t e r e s t i n g  t o  no te  t h a t  mass spec t roscop ic  a n a l y s i s  of t h e  
ou tgass ing  products  cons i s t ed  of only 3 . 4  mole percent  NQ from t h e  
n i t rogen-pos tcured  sample and none from t h e  a i r -pos t cu red  sample. 
S ince  t h e s e  experiments i nd ica t ed  t h a t  pos t cu r ing  d e f i n i t e l y  
improved t h e  thermal-vacuum c h a r a c t e r i s t i c s  of t h e  Epon 4225 m a t e r i a l  
i t  was of i n t e r e s t  t o  determine t h e  minimum t i m e  necessary  for ob ta in ing  
a s a t i s f a c t o r y  material .  The data are p l o t t e d  i n  F ig .  15 .  Although 
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a 48-hour pos tcure  does give t h e  best  r e s u l t s ,  pos t cu r ing  per iods  a8 
s h o r t  as 6 hours a t  177'C a r e  s u f f i c i e n t  t o  improve t h e  vacuum ou tgass ing  
c h a r a c t e r i s t i c s  of t h i s  r e s i n ,  making it  s u p e r i o r  i r ,  performance a t  
20O0C t o  t h e  o t h e r  adhes ives .  
t o  be as  s a t i s f a c t o r y  as  pos t cu r ing  i n  an  i n e r t  atmosphere,  and perhaps 
even p r e f e r a b l e  i n  view of t h e  e l imina t ion  of N% from t h e  outgass ing  
products .  Although no t e s t i n g  of t he  postcured samples were made a t  
15OoC, i t  i s  reasonable  t o  assume t h a t  t h e  e f f e c t s  would be s i m i l a r  and 
might reduce t h e  r a t h e r  l a r g e  s teady s t a t e  POSS r a t e  observed a t  t h i s  
temperature .  This  s t eady  s t a t e  l o s s  r a t e  appears  t o  be temperature- 
s e n s i t i v e  and t h e  amount of ma te r i a l  l o s t  seems t o  have a l i m i t i n g  
v a l u e ,  i n  c o n t r a s t  t o  m a t e r i a l s  l i k e  Epon 934 o r  914 which appa ren t ly  
l o s e  weight i n d e f i n i t e l y .  
I n  a a d i t i o n ,  pos t cu r ing  i n  a i r  appears  
E f fec t  of Sample Thickness  on Outgassing C h a r a c t e r i s t i c s  
Because of t h e  d i f f e r e n c e s  i n  t h e  v i s c o s i t i e s  of t h e  va r ious  
epoxide adhesives  t h e  t h i c k n e s s  of t h e  f i n a l  bonding l a y e r  may vary .  
The re fo re ,  a c o r r e l a t i o n  between the  th i ckness  of an adhesive l a y e r  and 
i ts  thermal vacuum c h a r a c t e r i s t i c s  i s  of i n t e r e s t .  To determine t h i s  
e f f e c t ,  t h e  weight l o s s  c h a r a c t e r i s t i c s  of f o u r  samples of Epon 914 
which d i f f e r e d  only i n  t h e  th ickness  of t h e  adhesive l a y e r  on t h e  
aluminum s t r i p  were measured (F igs .  8 and 10) e The percent  l o s s  
decreases  as t h e  th i ckness  i s  inc reased ;  t h i s  would be expec ted ,  because 
t h e  t h i c k e r  t,he sample,  t h e  slower t h e  ove r -a l l  d i f f u s i o n  r a t e  of m a t e r i a l  
t o  t he  s u r f a c e .  I n  p l o t t i n g  weight l o s s  pe r  u p i t  a r e a  t h e  e f f e c t  i s  
r eve r sed ;  i . e . ,  i n  t h e  t h i c k e r  sanples  more material  is a v a i l a b l e  f o r  
ou tgass ing  and t h e  a c t u a l  weight l o s s  i n e r e a s e s .  I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  w i t h i n  t h e  range of experimental  e r r o r ,  t h e r e  i s  no change i n  
t h e  l o s s  r a t e ,  i n  c o n t r a s t  t o  the l a r g e  e f f e c t  of t h i ckness  on weight 
l o s s  ra te  noted by G l o r i a ,  e t  a l ?  This  i n d i c a t e s  t h a t  i n  t h e  case of 
P- 
~~ ~~~ 
3H. R .  G l o r i a ,  W .  James S tewar t ,  and Raymond C, Savin .  " I n i t i a l  Weight 
LOSS of P l a s t i c s  i n  a Vacuum a t  Temperatures from 80' t o  500°Fls NASA 
Tech Note D-1329. 
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Epon 914 a t  15OoC a l l  t h e  v o l a t i l e  materials ou tgass ing  are v e r y  mobile 
s p e c i e s  such as gases  and low b o i l i n g  s o l v e n t s .  
F igure  11 is a log-log p l o t  of weight l o s s  i n  g/cm2 v s .  t h i c k n e s s  
f o r  Epon 914 a f t e r  47 hours  of thermal-vacuum t r ea tmen t .  A f t e r  t h i s  
t i m e  t h e  samples have reached a s teady s t a t e ,  and only a r e l a t i v e l y  
smal l  amount of t h e  t o t a l  weight l o s s  occurs .  A good s t r a i g h t  l i n e  
r e l a t i o n s h i p  i s  obta ined .  S i m i l a r l y ,  percent  l o s s  versus  th i ckness  
(F ig .  9) gives  a s t r a i g h t  l i n e  c o r r e l a t i o n ,  though wi th  a nega t ive  
r a t h e r  t han  a p o s i t i v e  s l o p e .  
With th i cknesses  ranging  from 0.3 t o  4 . 0  m i l s ,  which r e p r e s e n t s  a n  
extremely u s e f u l  "working i n t e r v a l , "  an accu ra t e  l i n e a r  approximation 
may be  made. Th i s  i s  shown i n  F ig .  12 .  This  l i n e  has  been drawn by 
t h e  least  squares  method and has  a r o o t  mean square  (rms) d e v i a t i o n  of 
only f 0.06 x g/cm2 or approximately 5%. This  a l lows  r a p i d  
i n t e r p o l a t i o n  i n  t h e  most u s e f u l  th ickness  range.  
I t  is  c lear  t h a t  t h e  e f f e c t  of t h i ckness  on i n i t i a l  weight l o s s  is  
very  l a r g e ;  t h e  i n i t i a l  weight l o s s  of a sample of 3 .8  m i l s  i s  f o u r  t o  
f i v e  times as g rea t  as t h a t  of a sample of 0.3 m i l .  However, t h e s e  tests 
were conducted only on a s i n g l e  adhesive,  Epon 914,  and a t  a s i n g l e  
temperature  15OoC.  
weight r e l a t i o n s h i p s  f o r  o t h e r  t y p e s  of epoxy would be of t h e  same form, 
t h e  exac t  r e l a t i o n s h i p s  may be determined only by d i r e c t  experiment .  
Although it  i s  reasonable  t o  assume t h a t  t h i ckness -  
E f f e c t  of Amine P u r i t y  on Weight Losses 
The p u r i t y  of t h e  epoxy r e s i n  has  been of major concern i n  most 
i n d u s t r i a l  s p e c i f i c a t i o n s .  However, l i t t l e  a t t e n t i o n  has been pa id  t o  
t h e  e f f e c t  of t h e  p u r i t y  of t he  amine c u r i n g  agent  on t h e  p r o p e r t i e s  of 
t h e  epoxide r e s i n .  I n  many i n s t a n c e s ,  i t  has been observed by us  t h a t  
amine c u r i n g  a g e n t s  ox id i ze  and poss ib ly  absorb  carbon d ioxide  on s t o r a g e .  
The re fo re ,  i t  w a s  of i n t e r e s t  t o  determine t h e  e f f e c t  of amine p u r i t y  
on t h e  outgass ing  c h a r a c t e r i s t i c s  of epoxide r e s i n s .  To accomplish t h i s ,  
a series of modified r e s i n  samples were prepared u t i l i z i n g  t h e  poss ib l e  
combinations of pure and impure cur ing  agent  and base epoxy r e s i n .  The 
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outgass ing  c h a r a c t e r i s t i c s  of t hese  samples w e r e  t hen  determined (F ig  
13, Table  V I I ) .  
The r a t h e r  similar d a t a  f o r  the  i n i t i a l  weight l o s s e s  r e f l e c t  
p r imar i ly  t h e  s u r f a c e  e f f e c t s .  The weight l o s s  r a t e  and weight l o s s  
a t  100 hours  r e f l e c t  t h e  outgass ing  c h a r a c t e r  of t h e  bulk of t he  m a t e r i a l .  
I t  i s  i n t e r e s t i n g  t o  note  t h e  dramatic e f f e c t  caused by t h e  p u r i t y  of 
t h e  amine, cons ider ing  t h a t  i t  i s  present  i n  r e l a t i v e l y  s m a l l  amounts 
(w 15%). Therefore ,  i t  i s  important t o  s p e c i f y  i t s  p u r i t y .  
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CONCLUSIOWS 
On t h e  b a s i s  of t h e  d a t a  presented i n  t h i s  r e p o r t ,  i . e . ,  ou tgass ing  
c h a r a c t e r i s t i c s ,  v o l a t i l e s ,  e t c . ,  t he  Epon* adhes ives  t e s t e d  were 
c l a s s i f i e d  accord ing  t o  t h e i r  thermal vacuum performance. Epons 934,  931,  
924 ,  and 914 were c l a s s i f i e d  a s  poor because they undergo thermal 
decomposition between 150' and 200°C. Therefore ,  i f  use tempera tures  
exceed 15OoC, o t h e r  m a t e r i a l s  should be used .  
b o r d e r l i n e  materials, i . e . ,  they degrade s l i g h t l y  a t  temperatures  near  
200°C, but  should be q u i t e  s t a b l e  a t  150" Epons 917 and 901-B3 have 
very  good outgass ing  c h a r a c t e r i s t i c s  even a t  2OO0C, and are e x c e l l e n t  
adhes ives  f o r  space c r a f t  u s e .  T h i s  i s  a l s o  t h e  case  w i t h  Epon 4225 i f  
i t  is f i r s t  postcured a t  177'C t o  en.sure complete cure  and removal of 
t h e  v o l a t i l e s  involved i n  t h e  cure  mechanism. 
Epons 941 and 903 are 
I t  has a l s o  been found t h a t  two f a c t o r s  are  of cons ide rab le  importance 
i n  determining t h e  outgass ing  c h a r a c t e r i s t i c s  of t h e s e  m a t e r i a l s .  The 
f i r s t  f a c t o r  i s  th i ckness .  I t  has been found t h a t  an i n c r e a s e  i n  th i ck -  
n e s s  from approximately 0 .4  t o  4.0 m i l s ,  r e s u l t  i n  a f o u r f o l d  i n c r e a s e  
i n  percent  weight l o s s .  The second f a c t o r  important i n  ou tgass i cg  
c h a r a c t e r i s t i c s  i s  m a t e r i a l  p u r i t y .  I t  w a s  found t h a t  a l though t h e  weight 
l o s s  of t h e  r e s i n  is  f a i r l y  i n s e n s i t i v e  t o  t h e  p u r i t y  of t h e  r e s i n  base ,  
an  impure c u r i n g  agent  g r e a t l y  a f f e c t s  t h e  magnitude of t h e  weight l o s s  
parameters .  
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CHEMISTRY OF EPOXY RESINS 
The S h e l l  Epon* adhes ives  are p r o p r i e t a r y  materials in tended  f o r  
eng inee r ing  uses  ; t h e  chemical compositions of t h e s e  adhesives  are not  
w e l l  known. I n  g e n e r a l ,  they c o n s i s t  of t h r e e  components; a n  epoxy 
b a s e ,  a "hardener" or cur ing  agen t ,  and a f i l l e r .  Of t h e s e ,  only t h e  
f i r s t  two are  chemical ly  a c t i v e .  Using I R  spectroscopy t h e  epoxy base 
of s e v e r a l  of t h e  adhes ives  t e s t e d  has been found t o  be i d e n t i c a l  t o  
Epon 828, which i s  based on t h e  d ig lyc idy l  e t h e r  of Bisphenol A ;  i t s  
s t r u c t u r e  is  
CH,-CH C%O- Q / /  -'I- -0 CH,-CH-CH, 
\ /  
'0' C% 0 
The commercial r e s i n  c o n s i s t s  of low average molecular  weight condensat ion 
products  of t h e  genera l  s t r u c t u r e  
O-C&-CH-CH, 
cH3 cH3 '0 
The l i n e a r  polymer i s  cured ,  i . e . ,  conver ted  t o  the  c ros s l inked  r e s i n ,  
by use of a "hardenert t  or c u r i n g  agen t ,  which may be any compound having 
a b a s i c  group or  r e a c t i v e  hydrogen. 
Ethylene diamine and the  higher  polyethylene polyamines a r e  o f t e n  
used as c u r i n g  a g e n t s ,  as w e l l  a s  a l i p h a t i c  amine s a l t s  of f a t t y  a c i d s  
which are  i n d e f i n i t e l y  s t a b l e  i n  the  presence of t h e  epoxy a t  room 
tempera ture ,  bu t  c u r e  r a p i d l y  when warmed. Other common c u r i n g  agen t s  
are a c i d  anhydr ides ,  such as s u c c i n i c ,  maleic, p h t h a l i c ,  and p y r o m e l l i t i c  
anhydr ides .  
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The mechanisms involved i n  the c u r i n g  of epoxy r e s i n s  are somewhat 
complex, bu t  f a l l  i n t o  two general  c a t e g o r i e s .  The f i r s t  g ives  t h e  
formation of a homopolymer, where the  c u r i n g  agent  (a  base ,  o f t e n  a 
t e r t i a r y  amine) f u n c t i o n s  s o l e l y  as a ca ta lys t  f o r  the  opening of t h e  
epoxide r i n g  t o  g ive  t h e  s p e c i e s  
- CH,-CH - 
0 ' 0  
which i n  t u r n  i s  capable  of opening ano the r  epoxide r i n g  
/O\ 





The r e a c t i o n  may then  proceed t o  form an i n f i n i t e ,  three-dimensional 
network of t h e  form 
z 
I 
CH2- C H - C s -  
I 
0 




(2%- 0- Q 
I - 0 CH,- CH- CH, 
I 
The second type  of c r o s s l i n k i n g  r e a c t i o n  involves  t h e  inco rpora t ion  of 
t h e  c u r i n g  agent  i n t o  t h e  epoxy network. The p r i n c i p a l  r e a c t i v e  c ros s -  
l i n k i n g  agen t s  are d i b a s i c  ac ids  o r  t h e i r  anhydr ides ,  or po ly func t iona l  
primary or secondary amines or amides. The s imples t  examples of t h i s  
t ype  of c u r i n g  r e a c t i o n  i s  t h a t  wi th  e thylene  diamine. Each a c t i v e  
hydrogen may r e a c t  wi th  an  epoxy group, so t h a t  t h e  f i n a l  s t r u c t u r e  has  








N-C%- (2%- N 
C%-CH - - CH-C% 
I I 
OH OH 
Dibas ic  a c i d s  react s i m i l a r l y  t o  the amines,  but  t h e  d i b a s i c  a c i d  
anhydrides  have no a c t i v e  hydrogen and must a t t a c k  f i r s t  through a 
hydroxyl group. An example i s  the  r e a c t i o n  w i t h  p h t h a l i c  anhydride: 
- c$ -CH-CH, " O D  +-CH 
-+ O\ co 
I 
OH 





Dicyandiamide i s  a p a r t i c u l a r l y  important c u r i n g  a g e n t ,  ( i t  is  employed 






Its a c t i o n  is pure ly  c a t a l y t i c ,  i . e . ,  it is not  i nco rpora t ed  i n t o  t h e  
epoxy network. The mechanism of r e a c t i o n  i s  not w e l l  understood,  bu t  
i t  i s  be l i eved  t h a t  ca ta lys i s  i s  due t o  hea t  decomposition products  of 
t h e  dicyandiamide. 
The d i scuss ion  above i s  intended only as a genera l  d e s c r i p t i o n  of 
t h e  types  of epoxy cu r ing  r e a c t i o n s .  I n  the  case of t h e  commercial r e s i n s  
used h e r e ,  t h e  s t r u c t u r e  of t h e  cu r ing  agent  i s  not  gene ra l ly  known. 
Epons 901B-3 and 931 u t i l i z e  an aromatic  amine; 914 and 934 a r e  cured wi th  
polyamides.  Epon 917 is  anhydride cu red ;  Epon 422 i s  a mixed epoxy 
phenol ic  r e s i n ;  no informat ion  on t h e  c u r i n g  of Epon 903 i s  a v a i l a b l e .  
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I n  a d d i t i o n  i t  must be poin ted  out  t h a t  t h e  Bisphenol A based epoxy 
(Epon 828) i s  not  t h e  only r e s i n  base used.  Epons 934 and 931 are 
novel epoxide s y s t e m  based on d i o l s  o t h e r  t han  Bisphenol A .  
F i l l e r s  a r e  c l a s sed  as m e t a l l i c  o r  non-meta l l ic ;  t h e  former i s  
gene ra l ly  aluminum, t h e  l a t t e r  may be alumina o r  s i l i c a  o r  a sbes tos  
powder. 
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Supplementary Data on Severa l  Epoxide Adhesives:* Supplementary 





adhes ives :  Epon 901B-3, Epon 4225 ( a f t e r  a s i x  hour pos tcure  a t  177OC), 
and Epon 917. Sample p repa ra t ions  followed those  given i n  t h e  main 
t e x t  of t h i s  r e p o r t  (see "Experimental") except  t h a t  t h e  Epon 917 tes t  
specimen was cured f o r  two hours a t  177OC r a t h e r  t han  f o r  one hour a t  
149OC. 
t a b u l a t e d  below. 
T e s t  specimen dimensions and ou tgass ing  c h a r a c t e r i s t i c s  are 
DIMENSIONS OF TEST SPECIMENS 
Cured Adhesive Weight Sur face  Area Sample Thickness 
g cm2 g cm" 
0.73515 22.6 0.0325 
0.93751 23.2 0.0404 





I n i t i a l  Weight Loss Weight Loss Rate 
percent  g cm-2 x 104 percent/100 h r  g cm-2 h r - l  lo4  
0.794 2.58 0 .01  0.03 
0.946 3 .83  0 .10  0.40 
0.804 3.86 0.13 0 .62  
*This d a t a  w a s  ob ta ined  a f t e r  work was w e l l  underway on t h e  Epoxide 
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